, et al.. Retrieving surface soil moisture at high spatio-temporal resolution from a synergy between Sentinel-1 radar and Landsat thermal data: A study case over bare soil. Remote Sensing of Environment, Elsevier, 2018, 211, pp.321 -337. 10 conditions. However, the calibration of radar models whether empirically or physically-based, is still 15 subject to large uncertainties especially at high-spatial resolution. To help calibrate radar-based retrieval 16 approaches to supervising SM at high resolution, this paper presents an innovative synergistic method 17 combining Sentinel-1 (S1) microwave and Landsat-7/8 (L7/8) thermal data. First, the S1 backscatter receive) of the S1 data available over the area are tested to analyse the sensitivity of radar signal to SM at 28 high incidence angles (39°-43°). We found that the VV polarization was better correlated to SM than the 29 VH polarization with a determination coefficient of 0.47 and 0.28, respectively. By combining S1 (VV)
Introduction
In this context, the overall objective of the present paper is to develop a new methodology to retrieve SM 109 from Sentinel-1 (S1) C-band microwave (MW) and Landsat-7/8 (L7/8) thermal data, by taking advantage 110 of the high spatio-temporal resolution of S1 and by building on the synergy between radar and LST data.
111
The approach was tested over bare agricultural fields in the semi-arid Tensift/Marrakech area during the Rahal and R3 fields, respectively.
Figure1: Location of the R3 and Sidi Rahal study sites (black circles). 129

Remote sensing data
130
Remote sensing data used in this study are acquired by two sensors: Landsat L7/L8 and Sentinel1 A/B.
131 Table 1 summarises the characteristics of S1 radar and L7/L8 sensors for SM retrieval at high (100 m and 132 finer) spatial resolution. 
133
Landsat data
We have collected data from two thermal infrared (TIR) missions: L7 that provides a single band in the
136
TIR domain (band 6, 10.40-12.50 µm) with a spatial resolution of 60m, and L8 that provides two thermal 137 bands (10.60-11.19 µm and 11.50-12.51 µm for bands 10 and 11) with a spatial resolution of 100 m. L7 provides TIR data (in clear sky conditions) every 8 days globally.
145
In this study, Landsat data were downloaded from the USGS website (http://earthexlorar.com/), were 
150
To obtain the actual LST from Landsat thermal radiance, we followed the correction steps described in (1) 164 where K1, and K2 are the band-specific thermal conversion constants provided by the USGS and
165
BTOC the TOC spectral radiance of ground surface. 
168
In order to assess the reliability of LST remote sensing data derived from L7/8, the extracted Landsat LST 169 is then aggregated at the field scale, and a comparison between the aggregated Landsat and in situ LST is 170 presented in Figure 2 using the 5x5 refined Lee speckle filter described in Lee et al, (1994) and Lee (1999) .
203
The mean backscatter radiation (linear units) is calculated from previously calibrated S1 images, and
204
converted to decibel (dB) using the formula:
206
Consistent with LST and in situ SM data, the backscatter coefficient was aggregated (average) in linear 207 units before conversion to decibel at the crop field scale for each site. by an Apogee 8-14 µm thermal radiometer sensor looking at nadir, set up at a 2-m height.
215
For both R3 fields, the near-surface (0-5 cm) SM was measured within ±2 h of the L7/8 and S1 satellites 216 overpasses using a frequency domain sensor (Theta probe) at 5 locations on both sides of each field. For 217 each sampling date and field, an average of the 10 measurements was computed to reduce uncertainties in field-scale SM estimates. Soil samples over a 0 to 5 cm depth were also taken over both sites in order to 219 calibrate Theta probe measurements using the gravimetric technique.
220
S1 and L7/8 never overpass the study area on the same day. However, dates were removed from the data set. 
227
where SMP is a radar-based SM proxy (function of σ°) and SMmin and SMmax the minimum and maximum
244
SM values depending mainly on the soil porosity (Brisson and Perrier, 1991; Cosby et al., 1984).
245
As previously mentioned, we proposed a method to integrate the thermal data extracted from L7/L8 data 246 into a S1-based retrieval approach. The performance of the radar/thermal combining approach was in Appendix A. In practice, r ss was set to 0 and∞ for Ts,wet and Ts,dry respectively.
276
We considered that SMPTs is a good approximation of the soil evaporative efficiency (SEE) defined as:
with LEs and LEp being the actual and potential soil evaporation, respectively. SEE is known to be strongly The comparison between VV and VH polarization was undertaken over the Sidi Rahal site where the 316 longest time series of S1 data was available. As shown in Figure 5 , the VV polarization is significantly 317 correlated with SM, whereas the VH polarization is poorly correlated (R 2 =0.47 and 0.28, respectively). .
326
The sensitivity of the radar backscatter to SM is estimated as 0.30 and 0.14 dB/m 3 m -3 for VV and VH 
330
Incorporating the roughness effect is proven to be necessary when monitoring large areas with different 331 conditions (different soil texture and roughness). Different studies are thus attempted to incorporate the 332 effect of surface roughness in the SM retrieval algorithm. Using data collected along multi-incidence angles 333 requires a simultaneous availability of SAR data at lower and higher incidence angles (Srivastava, 2007).
334
To overcome the (mostly general) unavailability of data at multi-incidence angles, several studies The observation configuration has also an influence on the sensitivity of radar signal to SM, and hence on 345 our capability to retrieve SM from radar data. Several studies showed that the low to medium incidence the azimuthal angle changes with the ascending or descending passes. However, in our case, the study site is flat and the incidence angle is relatively constant (40°) so we observed no significant difference in terms 351 of SM sensitivity between the data collected on ascending and descending overpasses. Hence, the sensitivity 352 of radar data to the azimuthal angle seemed to be negligible in this study.
353
As a best option among the two different available polarizations to retrieve top SM, the VV polarization is 354 used throughout the rest of the manuscript. Table 3 . Table 4 . at the time of S1 overpasses, despite the high temporal resolution of S1 and the relatively long time period.
370
407
We argue that the main advantage of the proposed method is to provide robust reference points for 408 calibrating the σ vv 0 (SM) relationship, even for time series that do not contain extreme SM conditions. In 409 addition, the calibration of the Equation (7) in Landsat LST would have no effect on SM retrievals in the case of using contextual methods, instead of 417 using an energy balance model to determine Ts,dry and Ts,wet. When L7/8 and the S1 data were available in
418
Sidi Rahal site, the results reveal a high R 2 of 0.79 with an RMSE of 0.03 m 3 m -3 which decrease the bias.
419
As seen in Table 4 , the radar/thermal combining approach provides a slightly higher R 2 value and a lower field scale) has a lower impact than the roughness effects that need to be taken into account at the crop field 425 scale. A slope correction is observed (close to 1) using the new approach with an almost null intercept using 426 satellite data whereas the conventional approach provides a higher value of both slope and intercept. Note 
Sensitivity to temperature endmembers
In this study, SEE was derived from the temperature endmembers simulated by an EB model. Therefore,
445
meteorological forcing data are needed as input to the calibration scheme of the radar-based SM retrieval 446 approach. The point is that meteorological data may not be available everywhere with sufficient accuracy.
447
For this reason, remote sensing-based temperature endmembers could be used to fill the gap. In particular, 
461
In this study, the contextual method is used to derive the soil temperature endmembers over a 8 by 8 km However, the image-derived Ts,wet clearly overestimates EB-simulated Ts,wet in the higher range (hot days).
483
Such an overestimation especially occurs in summer (June 01 st to September 25 th , 2016) when wet 484 conditions are poorly represented.
485
The idea behind using the contextual method to derive temperature endmembers is to analyse the sensitivity lacking to build the calibration equation. This is due to the overestimation of Ts,wet by the contextual method.
492
In addition, the Sidi Rahal (8 × 8 km 2 ) area experienced the highest observed temperature (very close to Ts,dry) leading to a small SEE values. The contextual method was also tested over the R3 area. In order to 494 investigate the influence of Ts,wet estimation, the new approach is also tested by using Tair instead of Ts,wet
495
(in addition to contextual Ts,dry).
496 Figure 10 shows the estimated SM using the image-based Ts endmembers against ground measurements 497 acquired from the R3 study site. The statistical values such as the slope of the linear regression, R 2 , RMSE
498
and MBE between retrieved and in situ SM are reported in Table 5 . a). The poor slope obtained using the new approach is probably due to the overestimation of Ts,wet by using 508 the contextual method especially during summer, when wet conditions were not met over the study area.
499
509
To discriminate the effect of image-based Ts,wet on SM estimation, Tair was used as a better proxy of Ts,wet 
Soil evaporation estimation
526
The tight coupling between soil evaporation and SM in semi-arid areas is used to calibrate the radar-SM 527 relationship using thermal-derived SEE estimates. As a step further in the assessment of the proposed 528 methodology, the soil evaporation was estimated from either the radar-based SM, the thermal-derived SEE, identified.
537
As a complementary assessment of the synergy between radar-and thermal-based techniques for SM 538 retrieval, both approaches were thus inter-compared in terms of soil evaporation estimates over the Sidi
539
Rahal site, when eddy covariance measurements are available. In this sub-section, LEs was estimated using
540
Equation 9, and the potential evaporation estimated using the same energy balance model (described in the with SMσ+Ts (m 3 m -3 ) being the SM estimated using the synergistic approach between Landsat and S1 data.
547 Figure 11 and Table 6 presents the results of the soil evaporation estimation using the above four models. Table 7 shows that the combination between radar and thermal data (Figure 11 c and c') provides better 554 evaporation results than using each satellite separately (Figure 11 a and b) . The evaporation estimates derived from thermal data only are greatly uncertain. This could be due to the loss of sensitivity of land 556 surface temperature to the 0-5 cm SM in very hot and dry conditions. The use of radar data only provides radar/thermal synergistic method was also compared to a classical (based on radar only) method.
548
579
When comparing Sentinel-1 VV-and VH-polarized data, we found that the VV backscatter coefficient is 580 more sensitive than the VH backscatter coefficient to the SM variation, even with the relatively high 581 incidence angle (approximately 40°) of Sentinel-1 observations over the studied sites. Consequently, the 582 radar/thermal synergistic SM retrieval approach was tested with the VV-polarized data. The ground flux G is estimated as a fraction of net radiation at the surface Rn:
with cg being a fractional empirical coefficient set to 0.2.
662
The sensible heat flux is given by: 
